Abstract⎯The effect of the conditions of the acetylation process of raw and activated birch bark on the yield and composition of the products is investigated. The structure of biologically active betulin diacetate (BDA) is confirmed with physicochemical methods. The optimal regimes of the one-step original method for the production of BDA from raw and activated birch bark are established using the experimental and computational techniques.
INTRODUCTION
Betulin diacetate is a unique biologically active compound produced from bark birch. It exhibits hepatoprotective, antitumor, and other valuable pharmacological properties; moreover, it is used as the initial material in the synthesis of many organic products, including betulinic acid and amino derivatives of betulin diacetate (BDA). BDA can participate in reactions (isomerization, reduction, oxidation) through its isopropenyl group [1] [2] [3] [4] [5] [6] [7] .
The majority of production methods for BDA are based on the reactions of acetylation of betulin that was isolated from the birch bark in advance [8] [9] [10] . Previously the authors suggested simpler one-step procedures for the production of BDA from raw and activated birch bark based on combining the steps of betulin extraction and its esterification during the treatment of birch bark with acetic acid [11, 12] .
The objective of this study was the experimental and computational optimization of the production process for BDA from raw birch bark and bark activated under conditions of explosive autohydrolysis on the yield and composition of the products. EXPERIMENTAL BDA was synthesized from fractionated birch bark or bark activated under conditions of explosive autohydrolysis with boiling acetic acid according to the original methods [11, 12] . BDA was additionally recrystallized from ethanol with the added OU-G-type activated charcoal to purify the product from impurities.
The melting point was determined on a LA9100 Stuart instrument (BibbyScientific, United Kingdom). BDA and other products were analyzed and identified on a GCD Plus chromato-mass spectrometer (Hewlett Packard, United States). IR spectroscopy of BDA was performed on a Vector 22 FTIR spectrometer (Bruker). BDA was incorporated into a KBr pellet in a special device. The spectral information was processed using the OPUS/Y program (version 2.2). A Bruker DPX-200 NMR spectrometer was used for examining the compounds at a frequency of 200 MHz = ( 1 H) and the solvent used was CDCl 3 . The elemental analysis of the extracts was performed using a FLASH TM 1112 analyzer.
RESULTS AND DISCUSSION

Synthesis of BDA and its Physicochemical
Characteristics The simultaneous isolation and etherification of betulin into BDA occurs on boiling birch bark in acetic acid.
In addition to BDA, chromato-mass spectrometry revealed the presence of betulin monoacetate, betulin, lupeol, and lupeol acetate in the unpurified product.
TECHNOLOGY OF ORGANIC COMPOUNDS
Recrystallization from ethanol with activated charcoal produced BDA with a purity of 95% and a melting point of 215-217°C. Based on the elemental analysis data, the following % was found: (C) 77.9; (H) 10 Hence, based on the following data-the melting point; elemental analysis; and IR-, PMR-, and NMRspectra-the purified product was identified as BDA.
Optimization of the Production Process
of BDA from Raw Birch Bark The degree of grinding of the material (less than 1, 2-5, and 10-20 mm), liquor ratio (ratio of bark volume to acetic acid volume), and duration of the acetylation process (from 0.5 to 18 h) were varied in order to select the optimal parameters of birch bark acetylation with acetic acid.
The effect of the liquor ratio on the yield of betulin acetate was investigated under the conditions when all other parameters were kept constant. The obtained data are presented in Table 1 .
For a liquor ratio of 1 : 10 the product yield was 32 and 41% of the mass of absolutely dry birch bark (a.d.b.) for the birch bark fractions of 2 to 5 and 10 to 20 mm, respectively. In the case of a liquor ratio of 1 : 20, the yield of the products was 42 and 45% of the a. The further studies were conducted using a liquor ratio of 1 : 20, allowing the production of products with a good yield with the optimal consumption of acetic acid.
The data on the effect of the degree of grinding and duration of acetylation ranging from 0.5 to 18 h on the yield of acetylation products are presented in Table 2 .
The yield of the products did not exceed 30% of the a.d.b. mass when the fraction with a particle size of less than 1 mm was used with a different process duration. This moderate product yield can be explained by the loss of betulin in the process of grinding birch bark, because it is located in the surface layer of the thin cells of birch bark, which can be destroyed during grinding. The duration of acetylation of 30 min produced a product yield of 33% of the a.d.b. mass for the fraction of 2 to 5 mm and 20% of the a.d.b. mass for the fraction of 10 to 20 mm. Increasing the acetylation duration from 0.5 to 6 h resulted in the product yield increasing to 39 and 44% of the a.d.b. mass for the 2-5 and 10-20 mm fractions, respectively, and the further increase of the acetylation duration did not provide any significant increase of the yield.
The optimal production conditions for betulin from raw birch bark were established as follows: birch bark fractions of 2 to 5 and 10 to 20 mm, a liquor ratio of 20, and duration of acetylation of 6 h. 
Optimization of the Production Process of BDA from Activated Birch Bark
The activation of birch bark with explosive autohydrolysis involves a short-term treatment of the birch bark with saturated water vapor at a temperature of 180°C, a pressure of 3.4 MPa, and duration ranging from 60 to 300 s, followed by a sharp drop in pressure [12] . The structure of autohydrolized birch bark changes under conditions of explosive autohydrolysis activation due to the mechanical action and hydrolysis of weak bonds, which facilitates an increase in the product yield with a shorter duration of acetylation.
The data on the dependence of the product yield from the initial raw birch bark and the bark activated under conditions of explosive autohydrolysis on the increase in the acetylation duration from 0.5 to 8 h are presented in Table 3 . The results were processed using the Statgraphics Centurion XVI software package, DOE block, and Multi-factor Categorical procedure [13] [14] [15] . The yield of acetylation products in percentage of absolutely dry birch bark was used as the output parameter. The dispersion ratios F were used as an estimate of the efficiency of the respective dispersion sources.
Dispersion analysis revealed a statistically significant effect of the three main factors A, B, and C on the product yield, as well as the interaction of the factors AB. This was attested by the high values of the dispersion ratios F (above 4) and low significance levels P (below the critical level of 0.05). The effect of the other paired interactions was assumed to be insignificant.
The results of the experiments and mathematical processing of their results demonstrated that the product yield increased with the increased duration of acetylation of the raw and activated birch bark; moreover, the yield of products from the 10-20-mm fraction of birch bark was higher than from the 2-5-mm fraction.
The effect of the duration of activation with the explosive autohydrolysis and acetylation on the yield of the products is presented in Table 4 .
The dispersion analysis revealed the significant effect of the two main factors X 1 and X 2 on the product yield, as well as their functions X 1 X 2 and X The contribution of the dispersion introduced by the square function X to the total dispersion of the resulting parameter Y was relatively modest. The significance level of 0.2941 corresponded to the confidence probability of 70.59%. The dependence of the product yield on variable factors was approximated by the following regression equation, which can be accepted as the mathematical model of the investigated process. The results of comparing the experimental values of the product yields with the values predicted by the mathematical model presented in Fig. 1 validate the prognostic power of the mathematical model. The dependence of the acetylation product yield on the variable factors of its production is presented in Fig. 2 . The mathematical model used for the construction of the response surface demonstrates clearly the effect of the duration of the activation process and acetylation on the product yield. The product yield increases to 60% with an increase in the duration of the activation and acetylation processes. The shape of the right side of the response surface indicates that the maximum allowable yield of the target products was reached. The maximum yield of the acetylation products for the activated birch bark is in the following factorial space: 6 < X 1 < 8 h and 180 < X 2 < 240 s, which means that the duration of the acetylation process ranges from 6 to 8 h, and the duration of the birch bark's activation through explosive autohydrolysis is in the range 180-240 s.
Analysis of Component Composition of the Products of Acetylation of the Activated Birch Bark
The effect of the duration of the activation and acetylation of birch bark on the yield of the products and their component composition at 180°C and acetylation duration ranging from 0.5 to 5 h was investigated. The experimental data of two series of experiments and their mathematical processing are presented in Table 5 .
The dispersion analysis confirmed that the fractions of BDA, betulin, and lupeol in the products of acetylation of the activated birch bark depended only on the duration of acetylation. The contribution of the activation duration, as well as of the functions X X and X 1 X 2 , are statistically insignificant, which is corroborated by the regression equations:
The response surfaces constructed based on these equations are presented in Fig. 3 . The fraction of BDA increases with an increase in the acetylation duration, while the fractions of betulin and lupeol decrease; furthermore, the dynamics of the changes of the fractions of these components is close to linear. Activation of the birch bark with explosive autohydrolysis accelerates the reactions of betulin and lupeol acetylation, but it does not affect their ratio in the final product. The response surface of the dependence of the fraction of impurities in the products of the acetylation of birch bark on variable factors is presented in Fig. 4 ; it displays a complicated shape close to a cylindrical paraboloid. It can be concluded based on the obtained data that the yield of BDA increases and the amount of impurities decreases with the increase of the acetylation duration from 0.5 to 8 h and duration of activation from 60 to 180 s. An increase of the activation duration above 180 s results in an increase of the content of impurities in the product. The products with the maximum content of BDA and the minimum content of impurities were produced with a duration of the acetylation process of 8 h and duration of the birch bark's activation with the explosive autohydrolysis from 60 to 180 s.
CONCLUSIONS
The effect of the conditions for performing acetylation of raw and activated birch bark under conditions of explosive autohydrolysis on the yield and component composition of the product was investigated. The nature of the product was identified with the physicochemical methods. The optimal conditions for the production of biologically active BDA from raw and activated birth bark were established. Mathematical models describing the effect of the activation conditions and acetylation of birch bark on the yield of BDA were obtained from the experiments and statistical processing of the experimental data.
The following conditions were accepted as optimal for the production of BDA from birch bark: birch bark fractions from 2 to 5 and 10 to 20 mm; a liquor ratio of 20; and duration of acetylation for 6 h. The optimal duration of the birch bark activation with explosive autohydrolysis is 60-180 s and the duration of acetylation is 8 h.
